The La 2 NiO 4 film was synthesized on the 304 stainless steel (SS) mesh. The hydrogen reduction of La 2 NiO 4 generated homogeneous nanocatalyst particles (probably Ni/La 2 O 3 ) over which methane was cracked, producing carbon nanotubes/microfibers and hydrogen. The carbon nanotubes/microfibers were strongly bonded to the SS mesh. It was observed that the methane conversion always reached its maximum at the cracking temperature of 750°C regardless of its concentration varying from 5% to 100%. The cracking of 5% methane diluted in nitrogen generated multiwalled carbon nanotubes while the cracking of 10-100% methane resulted in the formation of carbon solid microfibers together with globular carbon particles. Higher concentration of methane created thicker carbon fibers and a 30% concentration of methane resulted in the highest deposits of carbon on the mesh. After a compressed air blow and ultrasonic treatment, the carbon deposits were still strongly adhered to the mesh. As a result of the carbon tubes/fibers coverage, the specific surface area of the SS mesh was enhanced significantly from 0.03 m 2 /g to 21-45 m 2 /g. XRD, HRTEM and Raman studies confirmed that the carbon products were of graphitic structure. Such advanced mesh material would have great application potential in industrial catalysis and other areas.
Introduction
Compared with a conventional bed of catalyst pellets, catalysts made of metal wire mesh have many advantages including lower pressure drop, higher thermal conductivity, mechanical strength, electromagnetic shielding, uniform fluid flow, less stagnation zones and hot-spots [1, 2] . Wire mesh catalysts of precious metals (such as Pt, Ru, Ag) have long been used in the production of nitric acid from ammonia and formaldehyde from methanol [3] . These mesh catalysts, however, have low specific surface areas and are highly expensive as they consist of homogeneous bulk metal wires. There have been attempts to utilize wire meshes made of cheap iron or stainless steel as support of active catalyst component. A number of cheap wire mesh reactors have been used in the field of pyrolysis [4, 5] , the coal/char gasification and combustion [6] and catalytic oxidation of 1,2-dichlorobenzene [7] . The surface area of metal mesh is too low, high surface area is one of the most important factors for catalyst support. To improve the surface area of metal mesh is a necessary but difficult task to achieve.
Carbon nanofibers (CNFs) and nanotubes (CNTs) are important materials which can be applied in many areas such as electrodes, adsorbents, lubricants, hydrogen storage, catalyst support etc. Metal foils covered with CNFs or CNTs could provide a gas impermeable layer, of high value for cryogenic or liquid fuel (e.g. LNG) storage applications. CNFs or CNTs are usually synthesized on the powder catalysts and need further separation and purification. In many cases, the application requires re-dispersion and reattachment of CNTs or CNFs to a support structure. One approach is to use polymer binder [8] . However, such method occludes much of the carbon nanofiber or nanotube' surface area. On the other hand, the polymer bound carbon nano materials are unstable at high temperatures. If the CNFs or CNTs can directly grow on the metal substrate, the reattachment of CNTs will become unnecessary. It is particularly important to have the CNFs or CNTs anchored firmly on the supporting material. Weakly attachment would lead to loss of the CNFs or CNTs during practical application along with a loss of the desired property.
If CNFs or CNTs can be directly grown on stainless steel mesh with good adhesion then, the specific surface area of mesh could be enhanced dramatically and the further practical application of CNFs and CNTs would become a practical viable alternative. The diamond-like carbon films was deposited on stainless steel substrates using plasma-assisted chemical vapor deposition (PACVD) from either methane, acetylene, or 1,3-butadiene precursors with argon or hydrogen as a dilute [9, 10] . Amorphous carbon was created on the stainless steel to lower the friction [11] . CNTs were synthesized on the stainless steel tube for gas separation. Prior to the growth of CNTs, the Co-Mo catalyst needed to coat on the mesh [12] .
Methane catalytically creaking to produce hydrogen and CNFs or CNTs is of significant importance because of its low cost, easy handling and scaling up [13] . It is also an alternative for methane fuel cell as this process will not produce either CO 2 or CO. The present reaction routes in the methane fuel cell are methane steam reforming (CH 4 + H 2 O → H 2 + CO) and partial oxidation (CH 4 + O 2 → CO + H 2 ). However, these two ways both produce CO which will deactivate the fuel cell electrode and need subsequent WGS reaction (CO + H 2 O → CO 2 + H 2 ). The CNFs and CNTs are also in turn promising fuel cell electrode substrates. If we employ the mesh supported CNFs or CNTs as fuel cell electrodes, the design of fuel cell device will be more flexible.
CNFs or CNTs synthesis via CVD is typically a two-step process. The first step involves the coating of the substrate with the catalyst, or the metal impregnation of a catalyst support. Subsequent heat treatment leads to the formation of nanoparticles. Catalyst coatings have been deposited by spin coating [14] , dip coating [15] , sputtering [16] and sol-gel techniques [17] . The catalysts are usually possessed of the element of Fe, Co or Ni [18] [19] [20] [21] [22] [23] . Whereas few papers about the growth of CNTs and CNFs on metal mesh using methane as a carbon source are encountered in the literature. Randall et al synthesized CNTs over the stainless steel mesh by use of either C 2 H 2 /C 6 H 6 or CO/ C 6 H 6 as carbon sources [24] . Riccardis et al made CNTs over the Ni/carbon fibres catalysts by using acetone as the carbon source [25] . Tzeng et al grew carbon nanofibers over the carbon fiber fabrics by using the methane cracking method [26] .
Coating the inorganic catalysts over metal wire is usually carried out by the conventional wash-coating method, in which a finite thickness of a supporting layer is formed on the surface of the wire by repeatedly dipping the wire into a slurry that contains particles of the inorganic materials, followed by drying and calcinating [27] . The catalyst layer that is formed by the wash-coating method sometimes does not adhere well to the wire surface. The coatings may flake away under the influence of mechanical stresses and vibration. Several other techniques have been investigated to obtain strongly adherent coatings with a large surface area such as plasma spray deposition [28, 29] , plasma electrolytic oxidation (PEO) [30] and the electrophoretic deposition (EPD) method [31] . M.P. Vorob'eva et al coated active alumina over a wire mesh by using PEO method [32] .
In the present study, we synthesized La 2 NiO 4 catalyst on the stainless steel mesh on which carbon microfibers and nanotubes were grown by the cracking of CH 4 . Fig. 1 . SEM image of the SS mesh after blasting with by fine sand flow.
Experimental

Catalyst coating on the stainless steel mesh
The 304 SS mesh was used as the catalyst support. The surface of fresh mesh wire was so smooth that it was difficult to load the catalyst. Prior to catalyst loading, the mesh was blasted with fine grits in order to improve its surface roughness. The sand blasted mesh was then dipped into a boiling diluted nitric acid (30%) solution for 5 min to create a nitrate film (such as nickel nitrate or chromium nitrate) over the mesh surface which was more compatible and reactive with the nitrate catalyst precursor. The mesh was subsequently immersed into the catalyst precursor solution. The catalyst precursor solution was prepared by dissolving lanthanide nitrate and nickel nitrate into a citric acid water solution (20 g citric acid in 500 ml distilled water) according to the stoichiometric ratio of La/Ni = 2 (La (NO 3 ) 3 ·6H 2 O, 0.866 g; Ni(NO 3 ) 2 ·6H 2 O, 0.291 g. 500 ml H 2 O). The solution was first heated to 80°C with constant stirring. To keep the concentration unchanged, a condenser tube was connected to the flask. After about 20 h, the condenser tube was disconnected and the temperature was maintained at 80°C. About 5 h later, the solution turned into a homogeneous viscous syrup. At this moment the mesh surrounded by catalyst precursor syrup was pulled out and dried at 100°C for 1 h and calcinated in a N 2 flow at 800°C for 5 h. In order to remove the weakly attached catalyst on the mesh, the mesh was blown with compressed air and washed in the ultrasonic bath. Thus, only the firmly attached catalyst remained on the mesh.
Catalytic cracking of CH 4
The mesh coated with catalyst (ca. 0.3 g) was hold in the middle part of a quartz tube reactor (o.d.~20 mm). The quartz tube was then positioned into a horizontal tubular furnace for catalytic reaction. Carbon fibers were grown by flowing CH 4 / N 2 into the quartz tube. The detailed procedures were: (i) the mesh sample was heated in He (30 ml/min) at 800°C for 1 h; (ii) the sample was reduced in a flow of H 2 /N 2 (v/v, 10/90, 30 ml/ min) at 800°C for 1 h to obtain the nano-sized metal catalyst; (iii) the nitrogen diluted CH 4 was fed into the reactor at 800°C for cracking over a 2 h period; and (iv) the mesh sample was cooled down in a He stream to room temperature. During methane decomposition, the effluent gases were analyzed by the gas chromatography (GC) (Shimazu GC-8A) on-line.
Characterization
Crystallographic information of carbon products was obtained by analyzing powder X-ray diffraction (XRD) (Shimadzu 6000) using filtered Cu Kα radiation as the X-ray source (λ = 1.5406 Å). High resolution transmission electron microscopes (HRTEM) (JEOL 3000F FEGTEM), transmission electron microscope (TEM) (JEOL, JEM 2010) and field emission scanning electron microscope (FESEM) (JEOL, JSM 7600F) were used to observe the morphologies of La 2 NiO 4 catalyst on the SS mesh and carbon products. Laser Raman spectra were recorded using a Nicolet 560 FT Raman spectrometer with a He-Ne laser operating at a power of 1 mW. The BET specific surface area was measured using a Nova instrument. Fig. 1 shows the SEM image of SS after blasting with fine sand. The mesh surface was rough. The specific surface area of the raw SS mesh without any treatment was only 0.01 m 2 /g while sand blasting increased it to 0.03 m 2 /g. Even though the measurement of so small surface area was of big experimental error, it was obvious that the rough surface had higher surface area than the smooth one. Fig. 2a, b , and c show the morphologies of SS mesh coated with La 2 NiO 4 after being Fig. 2b ). The La 2 NiO 4 round particles were about 0.2 μm in size (see Fig. 2c ). The HRTEM image of La 2 NiO 4 is shown in Fig. 3 showing the fine lattice structure. There is speculation that there is an interaction between the mesh and La 2 NiO 4 catalyst. It was found that most of the catalyst particles were detached from the mesh when blasted with compressed air and subjected to ultrasonic treatment if the mesh was not first sandblasted (see Fig. 4 ). [20, 21] . Because of the defined structure of perovskite-like La 2 NiO 4 , after reduction, the Ni nano metals were separated regularly with La 2 O 3 to avoid agglomeration at high cracking temperatures. X-ray powder diffraction analysis could not be directly performed on the mesh and the amount of sample collected from the mesh was not enough to do the powder XRD study. In our previous study, the H 2 reduction of the powder La 2 NiO 4 produced La 2 O 3 and metallic nickel; We tentatively assumed that the reduction behavior of La 2 NiO 4 film on the mesh was similar to the La 2 NiO 4 powder [20, 33] . Fig. 5a and b show the SEM images of the H 2 -reduced La 2 NiO 4 (or Ni-La 2 O 3 ) catalyst on the SS mesh. The catalyst particles became smaller and more isolated in comparison with the non-reduced catalyst shown in Fig. 2c -they were nano sized and were evenly dispersed on the mesh surface. Even though the mesh was put into the ultrasonic bath for 1 h, the catalyst remained strongly attached to the SS mesh. A sample of H 2 -reduced catalyst was scratched from the mesh and observed under the HRTEM; the image is shown in Fig. 5c Normally, the metal particles were easily sintered at high temperatures. In the application of the nano catalyst it is difficult to immobilize the nano metals and one effective solution is to deposit the catalyst precursors on zeolites or other porous materials to template and immobilize the nano structures. However, most of the zeolites are unstable at temperatures above 800°C. In the reduced La 2 NiO 4 structure, Ni was separated by La 2 O 3 and it was speculated that there was a strong interaction between the SS mesh and the nano catalyst (Ni + La 2 O 3 ). Fig. 6 shows the SEM image of the mesh partially covered with catalyst; note that some catalyst was removed earlier for HRTEM analysis. During SEM observation, we estimated that catalyst was around 50 nm in thickness. The elements contained in the (Ni + La 2 O 3 )/SS sample were analyzed by using the energy dispersive X-ray (EDX) technique. The EDX spectrum shown in Fig. 7 indicated that there were elements of Fe, La, Ni, Cr and Si. The Fe, Ni, Cr and Si were the elements in SS. La and Ni were the components of the catalysts. This result indicated that actually the La 2 NiO 4 film had been loaded on the SS mesh. Fig. 8 shows a plot of the methane conversion vs the reaction temperature over the H 2 -reduced La 2 NiO 4 /(Ni + La 2 O 3 )/SS mesh catalyst. By varing the methane concentration from 5% to 100%, the methane conversion always reached its maxmium at the temperature of 750°C. The methane conversion decreased with the rise of concentration. The highest methane conversion was 32.5% when the feed gas included 5% methane at 750°C. Diluted methane had a lower space velocity over the fixed weight mesh catalyst and generally the lower space velocity resulted in higher conversion. Table 1 indicated that the 30% methane produced the maximum amount of carbon attached to the SS mesh and it was observed that the compressed air blow and ultrasonic treatment caused some carbon products to detach from mesh. The mesh was weighted until the weight reached a constant value and the results were recorded in Table 1 . Using an approximately 0.3 g SS mesh, 5%, 10%, 30%, 50%, 70% and 100% methane cracking produced 0.0168 g, 0.0241 g, 0.2153 g, 0.1483 g, 0.0250 g and 0.0190 g carbon products, respectively; after repeated compressed air-blow and ultrasonic treatment, there were still 0.0084 g, 0.0015 g, 0.1370 g, 0.0919 g, 0.0097 g and 0.0029 g of carbon products remaining on the mesh respectively. At a temperature of 750°C and CH 4 pressure at 101 kPa, over the catalysts of Ni/SiO 2 , CuNi/SiO 2 , Rh-Ni/SiO 2 , Pd-Ni/SiO 2 , Ir-Ni/SiO 2 , Pt-Ni/SiO 2 , Pd/SiO 2 , Pd-Ni/Al 2 O 3 , Pd-Ni/TiO 2 , Pd-Ni/MgO and Pd-Ni/ CF (carbon fiber), it was found that the methane conversions were all below 15% [34] . At 500°C and CH 4 pressure of 101 kPa and catalysts of Co/SiO 2 , Co/TiO 2 , Co/MgO and Co/ Al 2 O 3 , the methane conversions were all below 10% [35] . Using the Ni-Cu/Al 2 O 3 catalyst, at 500°C, 600°C, 700°C and 750°C, the methane (undiluted) conversions were around 10%, 22%, 59%, and 65% respectively [36] . Alternatively, using a Ni-SiO 2 catalyst, methane (20% in N 2 ) conversion was ca. 36% at 750°C after 50 min [37] . Despite the lower loading of the La 2 NiO 4 catalyst on the SS mesh, the catalytic activity of La 2 NiO 4 /SS mesh was competitive to traditional powder catalysts. We roughly investigated the influence of pressure on the methane conversion and the morphology of the carbon product. The higher pressure resulted in the lower conversion efficiency of methane, but there was no significant change in the morphology of the carbon product. Fig. 9a shows the SEM image of the carbon coated mesh (C/ La 2 NiO 4 /SS) (30% methane cracking). Fig. 9b, c, d , e, f, and g Fig. 7 . EDX spectrum of (Ni + La 2 O 3 )SS. show the carbon attached to the mesh generated by cracking methane in the concentrations of 5%, 10%, 30%, 50%, 70% and 100%, respectively. In general, the carbon products were fibers together with round particles. 5% methane cracking generated carbon fibers with diameter at around 20 nm (see Fig. 9b ). Fig. 9b shows that the as-grown nanotubes are in vertically aligned form; The growth of carbon nanotubes probably adopted the bass-model with catalyst particles sited at the bottom of each nanotube, given the strong adhesion of the catalyst layer to the mesh substrate. Samples of carbon were scraped from the mesh and observed under TEM and found it consisted of nanofibers with hollow tubes with a mean inner diameter of 20 nm. The HRTEM indicated that the tubes were composed of ca. 30 layers (Fig. 10) . By increasing the methane concentration, the fiber became thicker. 10%, 30%, 50%, 70% and 100% methane produced the carbon fibers with a diameter at ca. 100 nm, 300 nm, 300 nm, and 400 nm respectively; However, 10-100% methane cracking did not generate carbon nano tubes. The exact mechanisms for the growth of hollow nanotubes and solid fibers were not clear. It is assumed that when the methane concentration was 5%, the carbon growing rate was slow, allowing the fibers to build up a hollow structure. Alternatively, when the methane concentration was high, the carbon accumulation was fast, producing a solid fiber instead of a hollow tube. Fig. 11 shows the HRTEM of the carbon solid fibers obtained from 30% methane cracking, allowing the fringes of graphite sheets to be clearly observed. The carbon is of graphitic structure, with no hollow tube structures detected. There were many defects in the graphitic sheets observed. The graphene layer appeared to be herringbone structure. Fig. 12a and b show the EDX spectra of the mesh and catalyst with carbon generated by 5% and 30% methane cracking respectively. Fig. 12a also shows that there are peaks of Ni and C. Because of the carbon coverage, the other elements in the SS mesh were not detected. Strong Ni peaks appeared, but without associated La peaks; This observation suggested that Nano Ni metals were the cracking catalysts. Fig. 12b shows that only carbon peaks were detected. One reason was that the carbon fiber layer was too thick and the nickel concentration was too low to be detected. The other possible reason was that the nickel nano metals were attached to the root of carbon solid fibers.
Results and discussion
La 2 NiO 4 coating on SS mesh
Methane cracking
Characterization of the carbon products
Phase identification of the carbon products was carried out using the XRD technique. The process involved cutting the coating from the mesh and analyzing it with the XRD. Fig. 13 shows the XRD patterns of the carbon obtained by 5% and 30% methane cracking. The diffraction peak at 2θ = 26.32 was graphite (002) reflections of hexagonal graphite (JCPDS Card Files, No. 41-1487) [38] , indicating that the carbon fibers were highly graphitic. The peaks at 43.8/44.4, 50.96/51.6 and 76.4/ 77.0 were the diffraction of metallic Ni° [22, 37] . This observation demonstrated that the metallic nickel was the active site for the growth of carbon tubes/fibers. The carbon product coexisted with the nickel catalyst. Fig. 14a and b show the Raman spectra of the carbon fibers obtained by cracking 5% and 30% methane at 800°C for 2 h Fig. 9 (continued ) . Fig. 10 . HRTEM images of the carbon obtained by cracking 5% methane. Fig. 11 . HRTEM of the carbon solid fibers obtained from 30% methane cracking.
respectively. These were detected in bands at 1568 cm − 1 (G band) and 1341 cm − 1 (D band). It was known that the D band was usually associated with the vibrations of carbon atoms with dangling bands for the in-plane terminations of carbon atoms of disordered graphite, while the G band was closely related to the vibration in all sp 2 bonded carbon atoms in a two-dimensional hexagonal lattice, such as in a graphite layer. I D /I G could be used as an indicator of the extent of disorder within the graphitic layer [39] . The D band in the spectrum of Fig. 14a was weaker than that of Fig. 14b while the G band in the spectrum of Fig. 14a was stronger than that in Fig. 14b . These results indicated that there were more defects in the carbon microfibers obtained by cracking at 30% methane than that in the carbon nanotubes obtained by cracking at 5% methane. /g respectively. The cracking of lower concentration methane gave a higher surface area enhancement; suggesting the increased area was the result of the thinner fibers, particularly the nanotubes with larger specific surface area. This work indicates that C/SS material has a great application potential for use with catalyst. The aluminum coated SS mesh by electrophoretic deposition was only 12.23 m 2 /g [7] . Fig. 12 . EDX spectra of the SS mesh coated with catalyst and carbon products generated by cracking of (a) 5% and (b) 30% methane. Fig. 13 . XRD patterns of the carbon products obtained by cracking 5% and 30% methane. 4. Conclusion i) La 2 NiO 4 catalyst was loaded firmly on the stainless steel mesh support and H 2 -reduction was carried out to generate regular nano metal catalysts on the mesh surface. ii) The methane cracking process deposited dense carbon fibers together with globular carbon particles onto the mesh. The 5% methane produced multiwalled carbon nanotubes (i.d.~20 nm, 30 walls). 10%-100% methane cracking generated carbon solid fibers (ca. 100 nm-400 nm). The carbon tubes or fibers were firmly attached to the mesh and could withstand the compressed air blow and ultrasonic treatment. iii) The carbon products were of graphitic structure and it was found that there were more defects in the fibers than in the tubes. iv) The carbon tubes/fibers coating on the SS mesh improved the specific surface area of SS mesh from 0.01 m 2 /g to several decades of m 2 /g.
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